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The manipulation of nutrient-signaling pathways in yeast has uncovered the impact of environmental growth conditions in
longevity. Studies using calorie restriction show that reducing glucose concentration of the culture media is suﬃcient to increase
replicative and chronological lifespan (CLS). Other components of the culture media and factors such as the products of
fermentation have also been implicated in the regulation of CLS. Acidification of the culture media mainly due to acetic acid
and other organic acids production negatively impacts CLS. Ethanol is another fermentative metabolite capable of inducing CLS
reduction in aged cells by yet unknown mechanisms. Recently, ammonium was reported to induce cell death associated with
shortening of CLS. This eﬀect is correlated to the concentration of NH4
+ added to the culture medium and is particularly evident
in cells starved for auxotrophy-complementing amino acids. Studies on the nutrient-signaling pathways regulating yeast aging had
a significant impact on aging-related research, providing key insights into mechanisms that modulate aging and establishing the
yeast as a powerful system to extend knowledge on longevity regulation in multicellular organisms.
1. Cellular Pathways Modulating Aging
Aging is common to most living organisms ranging from
bacteria, a unicellular prokaryotic organism, to multicellular
eukaryotic organisms like humans. It is a complex biological
process that involves accumulation of damage at diverse
components of the organism leading ultimately to the loss
of function and demise [1–3]. In the aging process, cellular
activities compromised are modulated by a network of
nutrient and energy sensing signaling pathways that are
highly conserved among organisms. These pathways include
the insulin/insulin-like growth factor 1 (Ins/IGF-1), the
protein kinase/target of rapamycin (TOR), and adenylate
cyclase/protein kinase A (AC/PKA) pathways [4]. Pioneering
studies using mutations in key genes of these pathways have
shown an increase by threefold or more in the lifespan of
model organisms like yeast [5, 6], fruit flies [7], worms
[8, 9], and mice [10, 11]. Many of these mutations which
extend lifespan decrease the activity of the nutrient-signaling
pathways mimicking a starvation state during which
oxidative stress responses are induced, reducing the levels
of reactive oxygen species (ROS) and oxidative damage to
macromolecules [12]. Accordingly, it has been shown in
diﬀerent aging models (yeast, flies, worms, fish, rodents,
and rhesus monkeys) that reducing growth factors/nutrients
intake has profound positive eﬀects in extension of lifespan
and also improves overall health by delaying or reducing
age-related diseases in mammals including diabetes, cancer
and cardiovascular diseases (reviewed in [4]). One of the first
models to implicate growth- /nutrient-sensing signaling with
longevity was the nematode worm Caenorhabditis elegans. In
this model it was shown that the recessive mutation in age-I
coding for phosphatidylinositol 3-Kinase (PI3K) extends
lifespan significantly [8]. Also inC. elegans, the insulin/IGF-1
pathway was linked to longevity by the discovery that mutat-
ing the gene coding for an insulin/IGF-1 receptor ortholog,
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DAF-2, doubled its lifespan [9]. This lifespan extension
was dependent on the reduction of activity of Daf-2 and
consequently of its downstream eﬀector PI3K (encoded by
age-1), and the subsequent activation of Daf-16, a Forkhead
FoxO family transcription factor (FOXO), which regulates
several genes involved in stress response, antimicrobial
activity, and detoxification of xenobiotics and free radicals
[4, 9, 13]. Another pathway involved in longevity regulation
in C. elegans is the conserved TOR-S6K (Ribosomal S6
protein Kinase) pathway. This pathway interacts with the
insulin/IGF-1 pathway converging on the worm ortholog of
regulatory associated protein of mTOR, Daf-15, to regulate
larval development, metabolism, and longevity [14] and so
downregulation of its activity results in extended lifespan
[4].
The fruit fly Drosophila melanogaster is a more complex
model, allowing studies based on sex diﬀerences. As in C.
elegans, reducing the activity of the insulin/IGF-1 pathway
mediates cellular protection mechanisms and the extension
of lifespan in this organism. Mutations in the insulin-like
receptor favour the extension of lifespan yielding dwarf
sterile flies with females showing up to 85% extension of
adult longevity [15]. Downregulation of the TOR pathway
in flies, similarly to C. elegans, was shown to increase
lifespan when inactivated pharmacologically with rapamycin
or with overexpression of dominant-negative forms of S6K
or TSC1 or TSC2, which encode negative regulators of TOR
[16, 17].
Identical outcomes for genetic or pharmacologic manip-
ulation of insulin/IGF-1 and TOR pathways and for dietary
restriction regimes were observed in D. melanogaster and
C. elegans, as well as in yeasts, establishing the evolu-
tionary conserved roles of these pathways in determin-
ing lifespan and implicating them as mediators of the
protective eﬀects of dietary restriction in diﬀerent species
[4, 18].
In mammals, hormones of the endocrine system, the
growth hormone, insulin-like growth factor-1 (IGF-1), and
insulin pathways are key players in the hormonal control
of aging in association with an increase of antioxidant
defenses and increased stress resistance (reviewed in [19]).
Deficiency in levels of circulating growth hormone has been
shown to enhance antioxidant defenses and stress resistance,
reduce tumor burden, and to increase insulin sensitivity
(reviewed in [20]). Enhanced insulin sensitivity is a common
feature of long-living mutant mice and in humans, studies of
centenarian populations strongly correlates this increase in
insulin sensitivity with longevity [21, 22]. IGF-1 and insulin
also modulate TOR activity through Akt kinase which is
a downstream eﬀector of the insulin/IGF-1 pathway [23],
and inhibition of mTOR pathway by rapamycin [24] or
deletion of its downstream eﬀector S6K, increases mice
lifespan [25]. The lifespan extension due to the deletion of
S6K was accompanied by slower progression of age-related
pathologies and in particular slower loss of insulin sensitivity
[25].
Another pathway involved in longevity regulation is the
AC/PKA pathway that is conserved from yeast to mammals.
Downregulation of the Ras/AC/PKA pathway was first shown
in yeast to have a major eﬀect on lifespan extension [4,
6, 26]. Only recently, studies correlating AC/PKA pathway
with aging and age-related diseases started to emerge in
mammals. Deletion of the mouse AC type 5, which mediates
PKA activity by modulating cAMP levels, was reported to
significantly increase lifespan, as it does in yeast [27], and
improve cardiac stress resistance [28]. Likewise as described
for yeast [26], deletions of PKA subunits in mice have
recently been shown to increase lifespan while protecting
against age-related deleterious changes such as weight gain,
hypertrophic liver, and cardiac dysfunction [29]. Although
the subunits deleted are the regulatory subunits (RIIβ) and
not the catalytic subunits like in yeast (TPK), loss of RIIβ
in mice causes a concomitant and compensatory decrease
in catalytic subunits showing a mechanistic association
between loss of these subunits and lifespan extension [29].
This converging result in such divergent models suggests
a highly conserved role for PKA in longevity and opens
the possibility for new therapeutic targets for aging and
obesity.
In mammals the Ras proteins do not directly signal to
PKA through AC [30] as it occurs in yeast [31]; however,
a recent study reported that homozygous deletion of Ras-
GRF1 promotes both median and maximum longevity in
mice [32]. Ras-GRF1 is a guanine nucleotide exchange factor
(GEF) responsible for activating Ras by favouring its GTP-
bound state [33], suggesting that the cause of longevity
extension of the Ras-GRF1 deletion could be the reduction
of Ras activity [34]. Therefore, the Ras pathway appears
as a conserved pathway in the aging process from yeast to
mammals [34].
Yeast has emerged as a highly exploited model to study
the environmental and genetic factors aﬀecting longevity. In
particular, the genetic tools now available make yeast one
of the best established experimental model organisms for
screening genes involved in the regulation of fundamental
cellular process including the pathways controlling lifespan.
In the following sections we focus on the particular case of
the lifespan in yeast and its modulation triggered by extrinsic
culture medium factors. We start with basic aspects of both
replicative and chronological lifespan in yeast. The subse-
quent sections are dedicated to an overview highlighting the
impact of culture medium and products of fermentation on
the yeast chronological lifespan.
2. Chronological and Replicative
Lifespan in Yeast
Two yeast lifespan models have been characterized: replica-
tive lifespan (RLS) and chronological lifespan (CLS)
(reviewed in [35]). RLS is defined as the total number of
times a single mother cell can undergo a mitotic event and
originate daughter cells before senescence [36]. RLS is accu-
rately measured by moving and counting small daughters
away from the mothers via microscopic manipulation and
simulates aging of mitotically active mammalian cells [35, 37,
38]. On the other hand, CLS defines the length of time non-
dividing yeast cells remain viable [39] thus simulating aging
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of the postmitotic mammalian cells [40, 41]. This viability is
assessed by cells reentering the cell cycle after transfer from
the depleted medium or water to nutrient complete-medium
[35]. In CLS, two types of metabolic yeast cells can be
studied: postdiauxic or stationary phase cells. Bothmetabolic
state cells are grown in synthetic complete (SDC) medium
but while postdiauxic cells are kept in the culture medium,
the stationary phase ones are transferred to water (extreme
calorie restriction) after 3 days of growth. Some protocols
for postdiauxic cells could also use cells grown in YPD (yeast
extract, peptone, dextrose) medium [35, 42] instead of SDC
medium.
The two paradigms of aging in yeast, CLS and RLS,
have become useful tools to compare the aging process in
proliferating and nonproliferating cells as well as to serve as
models to study themechanics of the aging process inmitotic
and postmitotic cells of multicellular organisms [38].
The yeast S. cerevisiae divides by budding and therefore
undergoes asymmetrical cell division, with the mother cell
retaining more volume than the daughter cell. In this asym-
metric divisionmother cells retainmost of the age-associated
damage, thus sacrificing individual replicative capacity while
daughter cells retain full replicative potential [43, 44]. One of
the aging factors aﬀecting RLS is the accumulation of extra-
chromosomal ribosomal DNA circles (ERCs) [45]. These
circular DNA molecules are self-replicating units formed in
the nucleus by homologous recombination between adjacent
rDNA repeats which segregate asymmetrically to themother-
cell nucleus during cell division. During each division ERCs
replicate leading to an exponential accumulation in the
mother cell and consequently to cell senescence [44, 45].
This finding in yeasts came in large part from the study
of important age-related proteins called sirtuins. Sirtuins
are NAD+-dependent protein deacetylases involved in chro-
matin silencing and known to mediate longevity in yeast,
nematodes, flies, and mammals [40, 44, 46]. Deletion of
SIR2 decreases RLS and its overexpression increases RLS
showing that Sir2p mediates RLS in yeast most probably
by regulating rDNA recombination and ERCs formation
[47]. ERCs appear to be an aging factor specific to yeast,
although without relevance in nondividing yeast cells (CLS)
and so far without a role in aging of multicellular eukaryotes
[46, 48].
Another factor known to decrease longevity both in CLS
as RLS is accumulation of oxidative damage due to the
production of reactive oxygen species (ROS). Deletion of
the yeast antioxidant defense enzymes superoxide dismutases
(SOD), reduces significantly CLS [39] and RLS [49]. How-
ever, overexpression of cytosolic (SOD1) and mitochondrial
(SOD2) superoxide dismutases increased longevity of non-
dividing cells [50] while it decreased RLS. Although studies
show several similarities but also major diﬀerences between
CLS and RLS mechanistic regulation, these two models are
interconnected as RLS decreases in chronologically aged
cells [48]. In addition, both aging models are regulated
by the nutrient-signaling kinases, as screenings for long-
lived mutants identified the same gene mutations in both
paradigms [27, 51–53].
3. Glucose-Signaling Pathways Involved in
Yeast Longevity
The most common dietary regimes used to study the inter-
action between nutrient-signaling pathways and longevity
include: dietary restriction (DR) in which the intake of
nutrients, but not necessarily calories, is reduced without
causing malnutrition; calorie restriction (CR), a regime in
which only calories are reduced without compromising other
nutrients, for instance amino acids and vitamins [54, 55].
In yeast, when studying both replicative lifespan (RLS)
and chronological lifespan (CLS), several results correlating
environmental growth conditions and longevity emerged.
Many studies, including those using calorie restriction (CR),
showed that reducing the glucose or amino acids concentra-
tions of the culture media is suﬃcient to increase replicative
and chronological lifespan [56–60]. The composition of
culture media has proven to be an extrinsic factor aﬀecting
chronological lifespan but this is still giving rise to diﬀerent
interpretations on longevity regulation.
The manipulation of nutrient-signaling pathways for
the study of aging regulating mechanisms, as previously
mentioned, can be accomplished by genetic manipulations
of key components of these pathways or by dietary (DR)
and calorie restriction (CR). In yeast, the vast majority of
protocols for CR are based on the decrease of the glucose
concentration in the medium from the standard 2% to 0.5
or 0.05%. The latter (0.05% glucose) is considered extreme
calorie restriction as well as the one achieved by transferring
cells grown in 2% glucose to water [35, 61].
The first studies to report glucose as an agent aﬀecting
lifespan in yeast were conducted by Granot and coworkers
who showed that addition of glucose to stationary-phase
cells previously transferred to water leads to a reduction of
CLS [62]. The authors further demonstrated that glucose,
in the absence of other complementing nutrients, induces
apoptotic cell death accompanied by an increase in ROS
production [63]. Further studies in yeast have revealed that
the major nutrient-signaling pathways TOR, SCH9, and
Ras/AC/PKA are all involved in longevity regulation by
glucose [6, 46, 58]. These pathways promote cell division and
growth in response to nutrients while inhibiting the general
stress response and autophagy. SCH9 was one of the first
genes to be implicated in CLS [27]. Sch9p is the yeast closest
homolog of the mammalian AKT/PKB and S6K, and its dele-
tion leads to an increase in both CLS and RLS [27, 53]. Sch9p
is a kinase that mediates PKA activation in the fermentable-
growth-medium-(FGM)-induced pathway and alsomediates
many of the TOR complex 1 (TORC1) controlled processes
[64–66]. Sch9p was first described as having a partially
redundant role with PKA pathway, since deletion of SCH9
could be compensated by increased activity of PKA and vice
versa [67], and later as a direct target of TORC1 regulation
[65]. More recently, TORC1 was also identified as a target
for regulating longevity in both CLS and RLS [51, 52]. The
TOR pathway responds to nitrogen and carbon sources,
mainly to control cell growth, through the regulation of
processes such as translation initiation, ribosome biogenesis,
mRNA and amino acid permeases stability, transcription of
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nutrient-regulated genes and stress response genes, and actin
cytoskeleton organization and autophagy [68, 69]. Reduction
of TORC1-Sch9p signaling was shown to promote longevity
by increasing the expression of stress-response genes in a
Rim15p-dependent manner [58], as RIM15 deletion reduced
the lifespan extension of the long-lived sch9Δ cells [27].
Alternatively, a recent study proposes a Rim15p-independent
mechanism for lifespan extension in reduced TORC1-Sch9p
signaling [70]. This study shows that in tor1Δ cells, CLS
is reduced if mitochondrial respiration is uncoupled. The
authors suggest that during growth, mitochondrial ROS
signaling downregulates both the mitochondrial membrane
potential and ROS accumulation of stationary phase cells
to promote their longevity [70]. This is in agreement with
previous data showing that preadaptation to respiratory
growth can also promote extension of CLS [71]. CR also
promoted CLS extension by doubling the lifespan of the
long-lived sch9Δ and tor1Δ cells by a Rim15p partially
dependent mechanism. In fact, cells with a triple mutation
in Rim15p downstream transcription factors (msn2Δ msn4Δ
gis1Δ) do not display a reduction of CR promoted CLS
extension when compared to the long-lived sch9Δ and
tor1Δ cells suggesting the involvement of additional Rim15p
independent transcriptional factors [58].
Another pathway involved in aging is the other major
nutrient-signaling pathway Ras/AC/PKA, responsible for the
link between glucose availability and the control of growth,
proliferation, metabolism, stress resistance, and longevity
[6, 27, 50, 72]. Deletion of RAS2 or a reduced activity of
adenylate cyclase (Cyr1p), which is activated by the Ras
proteins, causes lifespan extension and stress resistance [50].
Mutation in the CYR1 gene increases both RLS and CLS
while deletion of RAS2 decreases RLS [53, 73]. Rim15p
also mediates ras2Δ lifespan extension by enhancing cellular
protection against oxidative stress through the activation
of SOD2 [50], indicating that Rim15p is a common
denominator of the pathways Ras/AC/PKA, Sch9p, and
TOR. In addition, deletion of MSN2/4 in ras2Δ cells leads
to lifespan reduction indicating that Msn2p/4p and Gis1p
transcription factors controlled by Rim15p are also required
for CLS extension. Nevertheless, the Rim15p downstream
transcription factors (Msn2p, Msn4p, and Gis1p) appear
to have diﬀerent roles in sch9Δ and ras2Δ cells given that
only the abrogation of GIS1, and not of MSN2/4, was
shown to almost completely abolish the lifespan expansion
of sch9Δ cells [27, 58]. Therefore, Sch9p and Ras2p seem to
diﬀerentially modulate the common downstream eﬀectors,
which is also corroborated by the higher stress resistance and
increased CLS exhibited by ras2Δ sch9Δ double knockout
cells in comparison to the single deletion mutants [58, 74].
More recently, the correlation between glucose signaling,
oxidative stress and aging was further addressed in a study
showing that increasing glucose from the standard 2%
to 10%, promotes a shortening of CLS accompanied by
increased levels of intracellular superoxide anion (O2
•−),
decreased levels of hydrogen peroxide (H2O2), reduced
eﬃciency of stationary phase G0/G1 arrest, and activation
of DNA damage [12]. On the other hand, CR by reducing
glucose or by deletion of SCH9 or TOR1 extends CLS and
diminishes superoxide anion levels promoting at the same
time a more eﬃcient G0/G1 arrest. These and other results
point to superoxide levels as one of the key factors regulating
aging [75], which is in agreement with the aforementioned
results showing that reduction of signaling pathways leads
to the activation of oxidative stress responses mediated
by Rim15p [12]. Nevertheless, an alternative activation of
oxidative stress responses independent of Rim15p [58] and
mediated by H2O2 has been also reported [12]. Furthermore,
high levels of H2O2, which respond to glucose in an
inversely dose-dependent manner, promotes activation of
SODs, leading to a reduction in superoxide anion levels and
therefore to CLS extension [12, 76].
4. Amino AcidMetabolism in the Regulation of
the Yeast Chronological Lifespan
In nature, yeast cells enter a resting or quiescent state
in the absence of favorable nutritional conditions. When
inadequate carbon, nitrogen, sulfur, or phosphorus levels are
sensed by yeast cells, growth ceases and cell cycle is arrested
as a survival strategy. In natural environments, yeast are
prototrophs capable of synthetizingmost of their metabolites
from simple carbon and nitrogen sources, whereas labora-
tory strains commonly have auxotrophic markers that confer
a nutrient-limiting growth phenotype useful for genetic
manipulation. These markers are usually genes involved
in the biosynthesis of specific amino acids or nucleotides.
Amino acids are important nutrients that can also be recycled
by autophagy. This recycling process maintains amino acid
homeostasis and is crucial for cell survival under nitrogen
starvation leading to rapid loss of viability in autophagy-
defective mutants [77] and therefore has been implicated
in CLS regulation. Curiously, it was demonstrated that pro-
totrophic and auxotrophic strains display diﬀerent responses
to nutrient starvation [78]. Starvation of “natural” nutrients
leads to an arrest in G0/G1 cell cycle phase of prototrophics
cells, while auxotrophic cells failed to arrest the cell cycle
upon starvation of “supplemental” nutrients (auxotrophic
nutrients) [78]. It was also observed that auxotrophic cells
limited for leucine or uracil consume glucose at a much
faster rate, exhausting it from themedium, than prototrophic
cells limited for phosphate, sulfate, or ammonium that
spare glucose [79]. These findings clearly reveal a failure of
auxotrophic cells in regulating nutrient sensing in response
to starvation of “supplemental” nutrients [80]. Furthermore,
limiting levels of auxotrophy-complementing amino acids, in
the growth medium, induce an early arrest in G2/M phase,
negatively aﬀecting chronological longevity and leading to a
premature aging phenotype [81]. In accordance, reduction
of total amino acid levels, including essential ones, in the
medium also decreases CLS [82]. Starvation for leucine in
nondividing leucine auxotrophic cells induces a rapid loss
of viability [80]. Nevertheless, this phenotype is partially
dependent on the carbon source present in the starvation
medium but not in that used in the growth medium. For
example the presence of ethanol/glycerol or galactose in the
starvation medium increases CLS in contrast to starvation
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in glucose [80]. However, not all essential amino acids have
the same eﬀect on CLS. In fact, methionine starvation of
methionine auxotrophic cells has no eﬀect on viability [83].
Another study also reported that from the auxotrophic-
complementing amino acids, lysine, histidine, and leucine,
the latter has a more pronounced negative eﬀect in CLS in
both autophagy-competent and autophagy-deficient strains
[84]. The authors pointed out that the enhanced sensitivity of
yeast cells to leucine starvation is correlated to the high levels
of leucine codon, the most frequent amino acid codon [84].
CLS is extended by the presence of nonessential amino acids,
particularly isoleucine, and its precursors threonine and
valine, via the general amino acid control (GAAC) pathway.
The authors proposed a mechanism for CLS regulation
by the branched side chain amino acids (BCAA) leucine,
isoleucine and valine, in which low levels of these amino
acids induce the GAAC pathway therefore shortening CLS
and vice versa [84].
Starvation for nonessential amino acids was reported to
extend RLS [56] and starvation for preferred amino acids
such as asparagine- or glutamate- induced CLS extension in
direct proportion to the nature of the amino acid removed
[52].
5. Impact of Products of Fermentation in
the Yeast Chronological Lifespan
Ethanol is the main product resulting from alcoholic fer-
mentation and it is used as a carbon source during the
diauxic shift and postdiauxic phase. Nevertheless, ethanol
is known to negatively aﬀect the metabolic activity of the
yeast cells by inhibiting cell growth and fermentation. It
is also known to cause among others the damage of cell
membranes by increasingmembrane fluidity [85, 86] and the
inhibition of transport systems across the plasma membrane
[87, 88]. The severity of the eﬀects is dependent on the
alcohol concentration and at high ethanol levels it results
in cell death [89]. Recently, ethanol was described as an
apoptotic inducer [90] and has also been implicated as
an extrinsic factor in aging, significantly decreasing CLS
of severely calorie restricted strains (CR in water), known
for their lifespan extension in this condition [91]. In
contrast to wild type cells, long-lived sch9Δ cells consume
all the ethanol from the medium during chronological
aging, further supporting ethanol as a modulator of aging
[91].
A recent study on the genetic expression profile of long-
lived tor1Δ, sch9Δ, and ras2Δ cells revealed an upregulation
of genes involved in the metabolism of glycerol. In contrast
to wild type cells that accumulate ethanol and rapidly deplete
glycerol, those long-lived mutant cells accumulate glycerol
whereas ethanol was early depleted. These observations
suggest that inhibition of Tor1p/Sch9p mediates a metabolic
switch from biosynthesis and release of ethanol to activation
of glycerol biosynthesis and its consequent release [74].
Glycerol, unlike glucose and ethanol [58, 61, 91], does not
promote aging or cell death and so this metabolic change
extends CLS [74, 92].
In calorie restricted cells, ethanol is completely con-
sumed before the beginning of viability decline. Conversely,
noncalorie restricted cells were unable to completely con-
sume ethanol before viability decline. The authors suggested
a correlation between ethanol accumulation and loss of
peroxisome function in noncalorie restricted cells since
ethanol suppresses the synthesis of certain proteins localized
to peroxisomes [93].
Acetic acid is a byproduct of fermentative metabolism in
yeast accumulating in the medium during fermentation of
glucose to ethanol and is also one factor described to aﬀect
CLS [94, 95]. After sugar is depleted in 2% glucose standard
conditions, a shift in metabolism occurs from fermentation
to respiration and the metabolization of ethanol also leads
to the production and accumulation of acetic acid. Acetic
acid is a well-known inducer of apoptotic cell death leading
to ROS production [96, 97]. In a recent study, Burtner and
coworkers identified acetic acid as an important extracellular
factor aﬀecting CLS in SDC medium [94]. The authors
showed that cells grown for 48 hours under extreme calorie
restriction conditions (0.05% glucose concentration), known
to extend CLS, rapidly loss viability if transferred to cell-
free supernatants of 2% standard glucose-depleted medium,
indicating that cell-extrinsic aging factors were present in
the SDC depleted medium [94]. Although several other
organic acids also accumulate in the culture medium during
chronological aging, only acetic acid was identified as being
suﬃcient to cause chronological aging [94]. In the same
study it was also shown that buﬀering of aging cultures to
pH 6 is suﬃcient to increase CLS, neutralizing the toxic
eﬀect of acetic acid. Actually, the acetate anion is not readily
taken up from the environment by glucose-grown yeast
cells, but the protonated acetic acid can cross the plasma
membrane resulting in intracellular acidification [98]. This
negative eﬀect of acetic acid in CLS was diminished by
mutational inactivation of conserved signaling pathways,
namely deletion of SCH9 and RAS2, conferring resistance
via unknown mechanisms [94]. SCH9 and RAS2 mutant
cells are known to have a more frequent growth arrest
in G1 phase when compared to the wild-type, promoted
by the reduction in growth signaling in these mutants
[99]. In accordance, nutrient-depleted stationary phase cells
are continuously subjected to acetic acid-induced growth
signals, even in the absence of glucose, that promote cell
cycle progression and consequently replication stress due
to the lack of favorable conditions [100]. These and other
results show that acetic acid, as glucose, activates Sch9p
and RAS pathways and seems to mediate cell death by
promoting the accumulation of superoxide anion (O2
•−) in
consequence of downregulation of SODs and other oxidative
stress defenses by the activated pathways [12]. The long-
lived ade4Δ cells (Ade4p is involved in the purine de novo
biosynthetic pathway) do not accumulate acetic acid in the
culture medium when compared to the wild type cells,
while the short-lived atg16Δ cells (Atg16p is involved in
the autophagic process) accumulate acetic acid at higher
concentrations than the wild type cells, inversely correlating
the amount of acid release from cells and the extension
of CLS [101]. Buﬀering the growth media to pH 6.0 of
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the short-lived atg16Δ cells and the wild type strain, also
dramatically increase CLS to the same levels obtained for
the CR growth condition and for the long-lived ade4Δ cells,
indicating that pH neutralized the toxic eﬀects of acetic acid.
Overall the results demonstrate that acetic acid can have an
important impact on CLS through a cell extrinsicmechanism
that is dependent on media pH.
6. Ammonium Toxicity in Aging Yeast Cells
Ammonium (NH4
+) toxicity has been well described in ani-
mals and plant systems [102]. In yeast, NH4
+ is commonly
used as nitrogen source for growth and it is usually not
toxic having a central role in nitrogen metabolism both
in degradative and biosynthetic pathways [103]. In yeast,
nitrogen sources, prior to their use, need to be converted into
glutamate and glutamine. However not all nitrogen sources
are equally preferred and yeast can select the nitrogen sources
through nitrogen catabolite repression (NCR) mechanism
also known as nitrogen discrimination pathway (NDP). This
pathway enables yeast to repress genes that code for proteins
required for the use of poor nitrogen sources, when in the
presence of suﬃcient quantities of rich nitrogen sources like
glutamine [104].
Production of ammonia in yeast colonies has even been
described as a mechanism of protection from cell death
during colony development [105]. An excess of ammonium
was found to be toxic for S. cerevisiae, under potassium
limitation, resulting in amino acid excretion similar to
the detoxifying mechanism found in mammals [106]. The
authors described that ammonium toxicity in yeast is related
to a “leak current” of ammonium ions that enter the
cell through potassium channels, in limiting potassium
conditions, and this influx causes an excess of internal
ammonium that becomes toxic for the cell. To cope with
this ammonium excess, cells excrete amino acids possibly
through the Ssy1p-Ptr3p-Ssy5p (SPS)-system of amino acid
transporters, which were found to be strongly upregulated
in this condition, or by directly excreting ammonium via the
Ato (Ammonium Transporter Outward) transporters [106].
Recently, we have reported that ammonium is toxic
for aging cells and acts as an extrinsic factor aﬀecting
CLS [107]. In this study, it was shown that decreasing the
concentration of NH4
+ in the culture medium increases
yeast CLS in amino acid restriction conditions. In contrast,
when the initial (NH4)2SO4 concentration in the culture
medium, either with or without restriction of amino acids,
was increased from 0.5% to 1%, there was a decrease in cell
survival, demonstrating that the toxic eﬀects of ammonium
are correlated with its concentration in the culture medium.
Moreover, after transferring cultured cells to extreme calorie
restriction conditions in water, the addition of ammonium
drastically decreases the CLS, indicating that ammonium
alone could also induce loss of cell viability as observed in
culture media, and providing, for the first time, a role for
ammonium in chronological longevity regulation [107].
Cells starved for auxotrophic-complementing amino
acids are particularly sensitive to ammonium-induced cell
death [107]. Death induced by ammonium in these cells is
mediated through the regulation of the evolutionary con-
served pathways PKA, TOR, and SCH9 and is accompanied
by an initial apoptotic cell death followed by a fast secondary
necrosis. Autophagy, which has been described as essential
for cell survival during nitrogen starvation and regulating
amino acid homeostasis [84], does not seem to have a role
in ammonium-induced cell death.
The ammonium eﬀects were also not dependent on
its metabolism as activity of enzymes involved in the
metabolism of ammonium showed no correlation with
ammonium toxicity and the use of a nonmetabolizable
analog produced the same outcome as ammonium [107].
Even though, ammonium signaling is capable of activating
the PKA pathway in agreement with previous results showing
that the addition of ammonium, in nitrogen starvation
medium, directly signals PKA activation through Mep2p
[108]. In contrast, in aging yeast, althoughMep2p is involved
in ammonium-induced death it does not appear to have a
major role in PKA activation. Tor1p and Sch9p were shown
to be necessary for ammonium-induced PKA activation in
amino acid-starvation conditions as deletion of TOR1 and
SCH9 resulted in a decrease of PKA activation. Ammonium
action on both pathways, resulting in the over-activation of
PKA and TOR pathways and inhibition of Sch9p, culminates
in the shortening of CLS [107].
Altogether results support that ammonium induces cell
death in aging cultures through the regulation of evolu-
tionary conserved pathways. They also show that the study
of ammonium toxicity in yeast aging may be a powerful
system to understand longevity regulation in multicellular
organisms.
7. Final Remarks
Yeast has emerged as one of the most important model
organisms to study the environmental and genetic factors
aﬀecting longevity, and its exploitation has made huge
contributions to the progress in understanding aging.
Although some aspects of aging in yeast are specific to
this organism, many of the most important features reveled
in yeast proved to be evolutionarily conserved in higher
eukaryotic organisms. The two paradigms of aging in yeast,
chronological and replicative lifespans, are useful tools to
compare the aging process in proliferating and nonprolif-
erating cells and to study the aging process in mitotic and
postmitotic cells. The pathways controlling yeast lifespan
occur through complex signaling cascades, allowing cells to
stimulate proliferation in optimal conditions and also to
induce cell cycle arrest and enter into a quiescent state in
nutrient exhaustion conditions. In the present paper, we
focused on the particular case of the lifespan in yeast and its
modulation triggered by extrinsic culture medium factors. A
scheme illustrating the current scenario on the regulation of
CLS by diﬀerent nutrient/energy signalling pathways in yeast
described herein is presented in Figure 1. Major advances
in this research field have come from dietary regimes that
have been shown to increase longevity in organisms ranging
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Figure 1: Scheme illustrating the current scenario on the regulation
of chronological lifespan (CLS) in yeast by the diﬀerent nutri-
ent/energy signalling pathways described in the present paper (the
detailed description and abbreviations are given in the text).
from yeast to mammals. Altogether, data presented clearly
establishes that the carbon and the nitrogen sources as
well as the products of fermentation, are among the main
extrinsic factors modulating yeast chronological longevity.
Loss of cell viability induced by these environmental factors
in aging cultures is regulated through evolutionary conserved
pathways and their study can provide key insights into
pathways that modulate aging in mammals, being a powerful
system to understand longevity regulation in multicellular
organisms.
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